Background/Aims: Skeletal muscle atrophy is one of the main manifestations of protein energy wasting. We hypothesized that urotensin II (UII) can lead to skeletal muscle atrophy through upregulating autophagy and affecting Irisin precursor fibronectin type III domain containing 5 (FNDC5) expressions. Methods: Three animal models (the sham operation, wildtype C57BL/6 mice with 5/6 nephrectomy, UII receptor (UT) gene knockout (UTKO) mice with 5/6 nephrectomy) were designed. Skeletal muscle weight, cross-sectional area (CSA) along with UII, FNDC5, LC3, and p62 expression were investigated. C2C12 cells were differentiated for up to 4 days into myotubes. These cells were then exposed to different UII concentrations (10 -5 to 10 -7 M) for 6-12 h and analyzed for the expressions of autophagic markers. These cells were also exposed to the same predetermined UII concentrations for 48-72 h and analyzed for the FNDC5 expression. Myotube diameter was measured. Results: Upregulation of UII expression in skeletal muscle tissue was accompanied by reduced muscle weight and skeletal muscle CSA in the 2 posterior limbs, upregulated autophagy markers expression, and downregulated FNDC5 expression in 5/6 nephrectomy mice. The decrease of skeletal muscle weight, skeletal muscle CSA, downregulation of FNDC5 expression, and the upregulation of autophagy markers were inhibited in UTKO with 5/6 nephrectomy mice. Our in vitro study showed that UII could directly decrease myotube diameter, induce autophagy markers upregulation, and inhibit expression of FNDC5. When UII receptor gene was interfered by UT-specific siRNA, UII induced autophagy markers upregulation and FNDC5 downregulation were inhibited. Conclusion: We are the first to verify UII induces mice skeletal muscle atrophy associated with enhanced skeletal muscle autophagy and inhibited FNDC5 expression in chronic renal failure.
Introduction
Protein energy wasting (PEW), the state of decreased body stores of protein and energy fuels [1] , is prevalent in patients with chronic kidney disease (CKD) and increases morbidity and mortality [2] . Muscle wasting, one of the main clinical manifestations of PEW, can be caused by many risk factors associated with CKD [3] [4] [5] [6] [7] [8] .
The neuropeptide urotensin II (UII), originally found in the urophysis of teleost fishes [9] , is the natural ligand of a human homologue [9, 10] of the orphan receptor GPR14 [10, 11] (a G-protein coupled receptor, GPCR), now called the UII receptor (UTS2R, UTR, UT) [11] . Clinical studies have provided evidence that UII and UT are associated with various pathologies [12] ; in addition, both UII and UT are expressed in skeletal muscle [13] .
The fibronectin type III domain containing 5 (FNDC5) is processed to form a new hormone secreted into blood. This hormone is called Irisin. It has also been demonstrated that Fndc5 mRNA and Irisin synthesis are increased during myogenic differentiation of human myocytes in vitro, supporting the idea of the myogenic potential of Irisin [14] .
It is verified that excessive autophagy can lead to muscle atrophy [15] . Our previous study found that circulating UII was negatively correlated with muscle mass, while serum Irisin was positively correlated with muscle mass. UII and Irisin were negatively correlated [16, 17] . In the past, we also confirmed that upregulated UII expression is associated with enhanced autophagy in placentas of severe preeclampsia patients [18] , and autophagy could cause skeletal muscle atrophy [15, 19] . We speculate that UII can lead to skeletal muscle atrophy through affecting autophagy and FNDC5 expression. In our current study, we performed animal experiments in vivo and mouse skeletal muscle cell experiments in vitro to verify our hypothesis.
Methods

Animal Model System
The UII receptor gene knockout (UTKO) mice strain used for this research was created from ES cell clone 12922A-B6, generated by Regeneron Pharmaceuticals, Inc., and made into live mice by the KOMP Repository (www.komp.org) and the Mouse Biology Program (www. mousebiology.org) at the University of California Davis. The mice were backcrossed onto C57BL/6 mice. Reg-UT-wtF: 5′-ATTGGGCTGCTCTATATCCGTCTGG-3′. Genotype of Forward Primer/Reverse Primer and Amplification size(bp): Knockout Reg-NeoF/Reg-UT-R 756bp, Wild-type Reg-UT-wtF/Reg-UT-wtR 63 bp.
Toes of newborn mice within 6 weeks were cut for DNA extraction (DNA extraction kit, B40013, bimake): (1) Add 100 μL protease mixture ( Amplification at 756 bp meant that UII receptor was knocked out and amplification at 63 bp meant wild type. When both 756 and 63 bp band show up on the gel, this indicates heterozygous genotype, while a single 756 bp band indicates homozygous genotype (KO mice; online suppl. Fig. S1 ; for all online suppl. material, see www.karger.com/doi/10.1159/000499880).
Wild-type C57BL/6 mice were purchased from Vital River Laboratory Animal Technology (Beijing, China). Three animal models (the sham operation mice as normal control [NC] group, wild-type C57BL/6 mice with 5/6 nephrectomy as wild-type chronic renal failure [WT CRF] group, UTKO C57BL/6 mice combined with 5/6 nephrectomy as UTKO chronic renal failure group [UTKO CRF]) were designed. Experiments were performed on 10 UTKO male mice and 20 wild-type male mice at 4-6 weeks of age. The mice weighed between 20 and 25 g. The mice were housed under standard condition (temperature 23 ± 2 ° C, humidity of 50%, and a 12 h on/ off cycle for lighting). The mice were divided into 3 groups: 10 knockout mice with 5/6 nephrectomy, 10 wild-type mice with 5/6 nephrectomy [20] , and 10 wild-type mice that received sham-operated surgery. The group of wild-type mice that received sham surgery was designated as the NC group. All mice were sacrificed 18 weeks after the surgery, which was the needed time period for the mice with 5/6 nephrectomy to develop advanced stage renal failure. Nine mice from the sham group survived, 6 mice from the wild-type mice with 5/6 nephrectomy group survived and 7 mice from the UTKO mice with 5/6 nephrectomy group survived.
Plasma UII Measurement Using Radioimmunoassay
Reconstitute standard peptide, positive control, and samples with RIA buffer into duplicate tubes. Pipette 100 μL of antibody into all tubes, vortex and then incubate all tubes at 4 ° C for 16-24 h. Add 100 μL of 125 I-peptide working tracer solution to each tube, vortex and incubate all tubes for another 16-24 h at 4 ° C. Add 100 μL of goat antirabbit serum, normal rabbit serum to each tube, vortex, and incubate at room temperature for at least 90 min. Add 500 μL of RIA buffer to each tube, vortex, centrifuge, and aspirate all the supernatant. Use a γ-counter to count the cpm of the pellet (The kit was bought from Phoenix Pharmacenticals, Inc. RK-071-08.)
Cell Culture and Differentiation C2C12 murine skeletal muscle myoblasts were bought from National Infrastructure of Cell Line Resource (Beijing, China). C2C12 cells were grown in Dulbecco's modified Eagle's medium (DMEM)/HIGH GLUCOSE (HyClone, Logan, USA) supplemented with 10% (v/v) fetal bovine serum (BI), 50 U/mL penicillin, and 50 μg/mL streptomycin (HyClone) in a humidified incubator containing 5% CO 2 at 37 ° C. When cell density reached more than 80%, cells were differentiated into myotubes by 2% (v/v) horse serum (HyClone) DMEM/HIGH GLUCOSE containing 50 U/mL penicillin and 50 μg/mL streptomycin for up to 4 days. Myotubes were then exposed to different concentrations of UII, ranging from 10 -5 to 10 -7 M (U7257, Sigma, USA) for 6, 12, 48, and 72 h. Image Capture and Cell Size Images from differentiated myotubes exposed to 10 -5 to 10 -7 M of UII for 48 h, 10 -7 M of UII for 6, 12, 48, 72 h were visualized at 20 magnifications using an inverted light microscope (Nikon) and captured with software NIS-Elements F 4.30.00. Myotube diameter was measured from randomly selected microscope fields from 3 different wells of control and treated conditions. At least 3 diameters were measured per myotube, and at least 20 myotubes were measured per well using Image Pro Plus software [21] .
The Transfection of UT siRNA to C2C12 Cells UT siRNA was purchased from Gene Pharma (Suzhou, China), and GAPDH siRNA was bought from Sangon (Shanghai, China). The transfection of UT siRNA to C2C12 cells was performed in 6-well plates with Lipofectamine RNAiMAX (Invitrogen Corp.) according to the manufacturer's instructions with minor modification. Transfection was conducted on day 3 of the differentiation in C2C12 cells. After 24-h transfection, transfection medium was replaced by differentiation medium containing 10 -7 M UII in each well except for the NC group. Then, myotubes were harvested for Western blot analysis. For UT siRNA transfection effect examination result, please see online suppl. Figure S3 .
The siRNA oligonucleotides designed were shown as below, UT-siRNA-1 targeting sequence 5′-GCUGUAUCUGCUGAGCAUUTA-3′, UT-siRNA-2 targeting sequence 5′-GGACUUCCUGACAAUGCAUTT-3′, UT-siRNA-3 targeting sequence 5′-GCUCCAAGGGUUACCGUAATT-3′, Nontargeting control siRNA 5′-UUCUCCGAACGUGUCACGUTT-3′, GAPDH siRNA targeting sequence 5′-UGACCUCAACUACAUGGUUTT-3′.
Cross-Sectional Area of Muscle Fibers
The measurement of cross-sectional area (CSA) was performed according to the methods of published study with minor modification [22] . The CSA of hematoxylin and eosin stained muscle (fibers number, n = 30) in 5 fields from each animal were randomly chosen and determined using the Image J program. CSA of each group was then calculated. The total fiber number was calculated using an image of 200× magnification from the entire field of muscle section, which was randomly chosen.
Immunohistochemical Analysis
Immunohistochemical analysis was performed on gastrocnemius muscle tissues. The thickness of 5 μm sections were made from the paraffin's embedded muscles. Then 3% hydrogen peroxide was incubated in order to delete endogenous peroxidase. The sections were performed with primary antibodies at 4 ° C overnight, and PBS served as a substitute for the primary antibody in negative control group. The tissue slices were then incubated with second antibody for 30 min.
3,3′-Diaminobenzidine staining was used to distinguish positive antigen from negative antigen. Brown deposits indicated positive staining. Then, 200× high-power microscope fields were randomly selected to calculate the integral optical density of positive staining. The antibodies to UII (ab194676), FNDC5 (ab181884), LC3 (ab48394), and p62 (ab56416) were bought from Abcam (Cambridge, UK).
Western Blot Analysis
Gastrocnemius muscle protein was extracted and mixed with 5× loading buffer (Applygen, Beijing, China). The protein was then denatured at 100 ° C for 5 min and then loaded on a SDS-PAGE gel prior to being transferred to NC membranes. Following the immersion of membranes with 5% BSA (AMRESCO Inc., OH, USA), membranes were incubated with primary rabbit polyclonal anti-UII antibody (ab194676, Abcam), primary rabbit polyclonal anti-LC3 antibody (ab48394, Abcam), primary mouse monoclonal anti-p62 antibody (ab56416, Abcam), and primary rabbit polyclonal anti-FNDC5 antibody (ab131390, Abcam) overnight at 4 ° C. Membranes were then incubated with fluorescence-conjugated antirabbit and antimouse antibodies (LI-COR, NE, USA). Semi-quantitative gray-scale intensity was measured by image J. The antibody of GAPDH was purchased from Byeotime (Shanghai, China).
Statistical Analysis
All values were expressed as means ± SE. Statistical significance was analyzed by one-way ANOVA followed by post hoc comparison with SLD test (variance similar) or Dunnett's T3 (variance without similar) (Fig. 1, 2a-c, 3, 4 , 7e, f, 8b, c; Table 1 ), Dunnett's multiple comparison test (Fig. 5, 6 , 7a-d; online suppl. Fig. S2, S3c) , and independent-samples t test (online suppl. Fig. S3b; Fig. 8a ). The differences among groups were considered statistically significant at p < 0.05. All the statistical analyses were performed with SPSS 20.0 for Windows (SPSS Inc., Chicago, IL, USA). 
Results
Animal Experiments Results
Changes of Renal Function and Other Parameters among Three Animal Model Groups There were no differences among 3 groups (NC, WT CRF, and UTKO CRF) in serum blood urea nitrogen (BUN) levels before operation (baseline level). Serum BUN levels were significantly increased both in WT CRF and UTKO CRF mice at 5, 9, and 18 weeks after the operation in comparison to the sham operation NC. However, there were no significant differences in serum BUN levels between WT CRF group and UTKO CRF group (Fig. 1 ). There were no differences in serum glucose, systolic blood pressure, and diastolic blood pressure among 3 groups both preoperation and postoperation. Different degrees of body weight increases were 
observed among the 3 groups 18 weeks after the operation, and the weight of UTKO CRF mice was significantly lower than that of the NC and WT CRF mice (Table 1) .
We demonstrated plasma UII concentration in our mouse models was increased in WT CRF and in UTKO CRF group 18 weeks after operation compared to that of the NC mice while there was no significant difference in plasma UII concentration between WT CRF and UTKO CRF groups (Table 1) (Fig. 2a-d) . Our results verified that skeletal muscle atrophy in chronic renal failure mice could be alleviated by blocking UT.
We observed intact Z-lines and mitochondria distributed in pairs around the Z line in NC group (Fig. 2e) . However, mitochondria were swollen and muscle fibers were destroyed in WT CRF group. In addition, we found increased autophagosome formation (Fig. 2f as indicated by the arrows) . On the other hand, the swollen mitochondria and destroyed muscle fibers were less apparent in UTKO CRF group (Fig. 2g) .
Expression of UII, FNDC5, and Markers of Autophagy in the Skeletal Muscle Tissues of Three Groups as Detected by Immunochemistry
Our immunochemistry study verified that there are expressions of UII, FNDC5, LC3, and p62 in the cytoplasm and membrane of skeletal muscle cells (Fig. 3) . UII integrated optical density was higher in the WT CRF group and UTKO CRF group than that of the NC group. However, FNDC5 expression was lower in the WTCRF group than that of the NC group, but FNDC5 expression was significantly higher in UTKO CRF group compared to that of the WT CRF group. Moreover, LC3 expression was higher in the WTCRF group than that of the NC group. At the same time, LC3 expression was significantly decreased in UTKO CRF group compared to that of the WT CRF group. Expression of p62 was lower in the WT CRF group than that of the NC group, while p62 expression was significantly higher in UTKO CRF group compared to that of the WT CRF group.
Expression of UII, FNDC5, and Markers of Autophagy in Skeletal Muscle Tissues of Three Groups as Detected by Western Blot
Western blot analysis showed that there were differences in expressions of UII, FNDC5, LC3, and p62 among 3 groups. Compared to that of the NC group, WT CRF mice and UTKO CRF mice had a higher expression of UII in skeletal tissues (Fig. 4a) , which meant that UTKO did not affect the expression of UII. WT CRF mice had a lower expression of FNDC5 in comparison to that of the NC group, but UTKO CRF mice had higher expression of FNDC5 in comparison to that of WT CRF mice (Fig. 4b) . Moreover, we found that LC3II expression in WT CRF mice was significantly higher than that of the NC group, and LC3II expression upregulation was inhibited in UTKO CRF group compared to that of the WT CRF (Fig. 4c) . While p62 expression was significantly lower in WT CRF group, p62 expression was upregulated in UTKO CRF group compared to that of the WT CRF (Fig. 4d) .
According to our immunochemistry and western blot results, we demonstrated that UII expression upregulation in skeletal tissues was accompanied by upregulation of autophagy markers and inhibition of FNDC5 expression in chronic renal failure mice (WTCRF mice). However, UTKO (CRF mice) could inhibit autophagic levels and alleviate the inhibited FNDC5 expression.
Cell Experiment UII Induces Mice Myotube Atrophy
The analysis of myotube diameter showed that when myotubes are exposed to UII for 6 or 12 h, myotubes did not display significant changes in diameter compared to that of the NC group. However, when the exposure time was extended to 48 and 72 h, it is observed that the diameter of the UII exposed group was significantly smaller compared to that of the NC group (Fig. 5a-f ). Myotubes exposed to 10 -7 M UII had significantly smaller diameter compared to that of the NC group exposed for 48 and 72 h. However, there were no significant differences among NC, 10 -5 M UII, and 10 -6 M UII group (Fig. 6a-e) , Moreover, we did not observe the concentration-dependent effects of UII on myotube diameter when cells were incubated in medium containing 10 -5 to 10 -7 M UII for 6, 12, 24, 48, and 72 h (online suppl. Fig. S2 ). UII Induces Autophagy of C2C12 Cells In order to interfere with the effect of UII in C2C12 cells, we design UT-specific siRNAs. Myotubes transfected with GAPDH-specific siRNA were seen as the positive control, and nontarget siRNA seen as the negative control. We observed the downregulated expression of GAPDH compared to that of the nontarget siRNA group (** p < 0.01; online suppl. Fig. S3b) . UT expression was significantly downregulated in myotubes transfected with UT-specific siRNA compared to that of the myotubes transfected with nontarget siRNA (** p < 0.01; online suppl. Fig. S3c) . Then, we chose UT siRNA-3 for our subsequent studies.
Western blot assay indicated that myotubes exposed to UII (10 -5 to 10 -7 M) showed a higher expression of LC3II; however, significantly lower expression of p62 was only observed when myotubes were exposed under 10 -7 M UII for 6 h, which showed that autophagy flux was unobstructed (Fig. 7a, b) . UII exposure for 12 h did not significantly downregulate p62 but upregulate LC3II, which meant autophagy flux was obstructed (Fig. 7c, d) .
We also found LC3II expression upregulation induced by UII was attenuated in myotubes transfected with UT-specific siRNA (Fig. 7e) . Consistent with this finding, p62 expression was upregulated in myotubes transfected with UT-specific siRNA when compared to that of the UII exposure group (Fig. 7f) .
UII Could Downregulates the Expression of FNDC5
UII inhibits expression of FNDC5 in myotubes when myotubes was exposed to 10 -7 M UII for 48 and 72 h (Fig. 8a) . However, when UII was interfered (UT siRNA transfected), the downregulation of FNDC5 expression induced by UII exposure was attenuated both in the 48 and 72 h group in comparison to that of the UII exposure alone ( & p = 0.006 vs. UII exposure alone for 48 h in Fig. 8b; & p = 0.004 vs. UII exposure alone for 72 h in Fig. 8c ).
Discussion
Skeletal muscle wasting and atrophy are characteristics of PEW in CKD [23] . Muscle wasting in CKD patients can be attributed to 2 factors: excessive protein degradation and reduced protein synthesis. It is reported that leptin, proinflammatory cytokines, myostatin, angiotensin II [24] , and parathyroid hormone [25] , and so on, play important roles in skeletal muscle atrophy in CKD condition.
In our study, we verified that UII-induced skeletal muscles atrophy in a time-dependent manner. However, this maximum effect of UII concentration on myotube atrophy was already present when exposed to a concentration of 10 -7 M but not at the concentration of 10 -5 M, indicating that the triggering of skeletal muscle atrophy with UII is not dose-dependent (from 6 to 72 h). In our in vivo study, we found that serum BUN and muscle UII expression were significantly increased in the WT CRF group. Plasma UII concentration was also increased, while skeletal muscle weight and CSA were significantly decreased in comparison to that of the NC. When we interfered with UII action by knocking out UT gene (UTKO CRF mice), skeletal muscle atrophy was attenuated in chronic renal failure mice.
Upregulation of skeletal muscle autophagy was verified under various conditions and disease states [6, 26, 27] . Autophagy was found to play a crucial role in muscle atrophy [15, 19] .
We are the first to demonstrate that UII exposure can directly induce skeletal cell autophagy marker (LC3II) upregulation in myotubes (differentiated from C2C12 cells) and the most optimal UII concentration inhibiting autophagy was 10 -7 M but not 10 -5 M. This meant that UII-induced myotubes autophagy was not dose-dependent. Moreover, under 10 -7 M UII exposure for 6 h, we demonstrated a significant lower expression of p62, which DOI: 10.1159/000499880
indicated that autophagy flux was unobstructed. In contrast, UII exposure for 12 h did not down-regulate p62 but upregulate LC3II, which meant autophagy flux was obstructed, and these phenomena hinted that UII exposure on autophagy was not time dependent. Then, we interfered with UII action by transfecting UT gene-specific siRNA, and we found that autophagy marker's upregulation was inhibited. Moreover, in our in vivo study, autophagy activation was accompanied by UII expression upregulation in skeletal muscle tissues in WT CRF mice. When we blocked the UII system action by creating UTKO CRF mice, we found skeletal muscle atrophy was attenuated, and upregulated autophagy was inhibited in chronic renal failure mice.
In our study, we found interesting phenomena that the body weight of UTKO CRF mice was significantly lower than that of the NC and WT CRF mice, but the weight of skeletal muscle was not significantly decreased in comparison to that of the NC group, which was similar to Behm et al.'s results [28] . They verified that deletion of the murine prepro-urotensin-II gene is correlated with a lean phenotype and increased cardiac mass. Previous studies have suggested that elevated Ca 2+ concentration occurring in ER stress could induce the development of autophagy [29] . In addition, published studies confirmed that UII can enhance intracellular Ca 2+ concentration [30, 31] , which may explain why UII can directly induce mouse skeletal muscle cells autophagy.
Reza et al. [32] study demonstrated that injection of Irisin in mice induced significant hypertrophy and enhanced grip strength of uninjured muscle. Therefore, diminished Irisin can be one of the reasons for skeletal muscle atrophy.
Our current study is the first to verify that UII can directly inhibit Irisin precursor (FNDC5) expression in mouse skeletal cells through our in vitro study. Moreover, in our in vivo study, we also demonstrated that UII expression upregulation was accompanied by Irisin precursor FNDC5 expression downregulation in WT CRF mice. UTKO can upregulate Irisin precursor (FNDC5) expression in skeletal muscle tissues in chronic renal failure mice.
In conclusion, we are the first to verify UII directly induces mouse skeletal muscle atrophy and autophagy and inhibit FNDC5 (Irisin precursor) expression. UTKO can attenuate skeletal muscle atrophy, inhibit autophagy, and upregulate the FNDC5 expression in chronic renal failure mice.
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